Hepatocyte transplantation is a promising therapy for acute liver failure in humans. Recently, we succeeded in inducing various acute and chronic liver failures in nude mice. Engraftment of transplanted xenogeneic rat hepatocytes, visualized in the host liver by anti-MHC class I immunohistochemistry, revealed that liver repopulation was limited, and equivalent in nude mice with and without acute liver failure. In the present study, acute liver failure was induced in nude mice by a single injection of sublethal anti-Fas antibody Jo2, followed 24 h later by rat hepatocyte transplantation and than by a weekly repeated injection of Jo2. Rat hepatocyte engraftment into the recipient liver parenchyma 3 weeks following hepatocyte transplantation was about sevenfold increased when nude mice were subsequently subjected to weekly repeated Jo2 injection. Genomic analysis of these mice showed an overall transcriptome profile of upregulation of cellular cycle blocking transcripts, activation of liver injury inducing IFN-γ/STAT1 pathway, and circadian transcript signature of antiproliferative cell status compared to mice submitted to hepatocyte transplantation only. The findings of the present study suggest that the induction of cell proliferation blockade in recipient livers could promote sufficient engraftment of transplanted hepatocytes to allow transient or definitive treatment of liver failure in humans.
INTRODUCTION
There is still a lack of animal models strictly mimicking human liver failures, such as toxic acute fulminant Hepatocyte transplantation could be one of the most promising therapies for acute liver failure in humans hepatitis, large resection of acute and chronic primary or secondary liver tumors, or chronic cirrhosis, to address (13, 14) . Indeed, the liver presents a unique capacity of regeneration following insult, given the insult does not therapeutic potential of transplanted hepatocytes. We previously developed acute liver failure by partial hepa-destroy the liver and/or its regenerative capacities (6). Efficient hepatocyte transplantation would allow a tran-tectomy in analbuminemic Nagase Wistar rats and found a very limited engraftment of transplanted syngeneic al-sient mainstay of the diseased or partial resected liver to detoxify the organism during the time course of liver bumin-positive hepatocytes from wild Wistar rats into the partial hepatectomized recipient liver parenchyma of with histological observations of liver necrosis. Liver deficiency injury was a dose-dependent effect, and it the mutated rat strain (unpublished data), implantation being equivalent to that observed in Nagase rats without was reversible within 10 days (8). The regenerative capacity of the liver was thus retained after Jo2 injection, liver failure (3) . These animals were resistant to both reproducible acute liver failure induction by thioaceta-making its use attractive for studying the efficacy of hepatocyte transplantation. mide or D-galactosamine (unpublished observations) and chronic liver failure induction by thioacetamide (4) .
The present study was performed in order to assess the engraftment of normal xenogenic rat hepatocytes, Efficacy of hepatocyte transplantation in a context of liver failure, which had been previously studied in their which we had found naturally resistant to Jo2 (8), when transplanted to nude mice presenting an acute liver fail-nonmutated Wistar counterparts (15, 27) , could thus not be evaluated in this rat strain.
ure induced by a single sublethal injection of this anti-Fas antibody, and further submitted to a weekly repeated Recently, we succeeded in inducing acute and chronic liver failures in nude mice (8) . In this mouse strain xeno-Jo2 apoptosis-inducing treatment. Genomic analysis of recipient livers was performed in order to establish po-geneic hepatocyte grafting without any immunosuppressive treatment could be evaluated by species-specific tential relations between engraftment rate and gene transcription variations. anti-MHC immunodetection, and we confirmed that implantation of transplanted rat hepatocytes was limited, MATERIALS AND METHODS equivalent in noninjured livers and in livers with acute Animals failure (8).
Various research groups reported that engraftment of Male nude mice 6-8 weeks old (Charles River Labotransplanted hepatocytes was greatly favored when a seratories, France) were housed individually, placed in a lective advantage was given to transplanted hepatocytes ventilated cabinet under controlled air pressure and temversus host cells. Selective advantage is a concept that perature conditions, and under daily cycles of alternating could explain the better hepatocyte repopulation seen in 12 h light/dark. They had sterile water and sterile stanspecial situations where the regeneration potential of dard pelleted rodent diet, ad libitum. Donor male Spraguehost and donor livers cells is different (9, 26) . This selec-Dawley rats 8-10 weeks old (Charles River Laborative advantage concerns proliferation and/or survival of tories) were maintained and handled in accordance with transplanted over endogenous hepatocytes (9) and the institutional guidelines. They were placed under daily different level in turnover permits transplanted cells to cycles of alternating 12 h light/dark, with food and water present a better engraftment into host liver parenchyma. ad libitum. All experiments were conducted according The latter was observed in three situations: first, when to local institution guidelines for the care and the use of liver recipients cells underwent a blockage of their cell laboratory animals. All operations were performed becycle, stopping the regeneration capacity of the host tween 1000 and 1200 h, under general anesthesia, using liver (i.e., by radiation, or chemically, by alkaloids such sterile surgical technique. as retrorsine) that irreversibly blocked proliferation of Hepatocyte Isolation native hepatocytes (11); second, when the recipient liver presented a congenital genetic defect that generated Hepatocytes were isolated from 8-10-week-old Sprague-Dawley rats by our modification of Seglen's two-step chronic toxic accumulation, creating a genetic damage to endogenous hepatocytes but not to transplanted hepa-collagenase method (3). Briefly, livers were perfused in situ for 5 min via portal vein with 100 ml of Hank's tocytes [i.e., in urokinase-type plasminogen activator uPA transgenic mice (31, 32) , or in fumaryl-acetoacetate balanced salt solution (HBSS) supplemented with 0.5 mM EGTA [ethylene glycol-bis(β-aminoethyl ether)N, hydrolase FAH null mice (25)]; third, when repeated injection of specific anti-mouse Fas monoclonal antibody N,N′,N′-tetraacetic acid], pH 7.4, at a flow rate of 20 ml/ min at 37°C. After the initial flushout, a second perfu-(Jo2) induced apoptosis in mouse host liver cells (7, 10,33) but not in the transplanted Fas-resistant mouse sion step was initiated with 300 ml of EGTA-free HBSS supplemented with 5 mM CaCl 2 , 0.02% collagenase type hepatocytes, the latter being either genetically transduced with Bcl-2 or Bcl-X L transgene (7,24) or isolated IV (Sigma), pH 7.4, at a flow rate of 20 ml/min at 37°C. The cell suspension was filtered through 380-and 100-from transgenic fumarylacetoacetate hydrolase (FAH) null mice (7).
µm meshes, washed three times in HBSS by centrifugation (50 × g for 2 min). The cell pellet was resuspended The anti-Fas antibody Jo2 was proven to induce fulminant hepatic failure in mice after a single injection in HBSS and cell viability was tested by the exclusion of trypan blue stain. Preparations with a viability higher (10, 17, 19) , characterized by an elevation of serological ALT for the first 3 days. The survival rates correlated than 80% were used for cell transplantation experiments.
Hepatocyte Transplantation Histology
Nude mice were sacrificed at day 22 (i.e., 24 h after Intrasplenic hepatocyte transplantation was performed last Jo2 injection when it was repeatedly administrated). in 8-10-week-old male nude mice under anesthesia ((by Three additional mice were included in each group for breathing 2 L/min O 2 containing 3% enflurane (Forene, sacrifice on day 1, 24 h after the first Jo2 injection. Abbott, France)). After an abdominal midline incision, One part of liver samples obtained from the sacrificed the spleen was mobilized and 0.5 × 10 6 rat hepatocytes animals was fixed in 10% formaldehyde and embedded suspended in 100 µl HBSS were slowly injected into the in paraffin for routine histology (hemalin-eosin staining). spleen parenchyma using a 30-gauge needle. Hemostasis
Another part of the liver sample was embedded in OCT was realized at the point of injection by dabbing with compound (Tissue-Tek, Elkhart, IN) and snap-frozen in Surgicell gauze (Johnson & Johnson, USA). Hepatoisopentane, for cryosection. cytes migrate to the liver and successful injection was approved by a short-term paleness of the liver lobes.
Hepatocyte Engraftment by Immunodetection Liver Injury Induction
The anti-rat MHC class I antibody was used to detect transplanted rat hepatocytes into nude mice livers. Cryo-The purified hamster anti-mouse Fas monoclonal anfrozen sections (5 µm) were fixed in two consecutive tibody, Jo2 (PharMingen, Becton Dickinson, France), 4% paraformaldehyde baths (5 and 10 min), then rinsed was used to induce acute liver failure in nude mice, Transplantation were then rinsed with washing buffer (2× 10 min) and A group of transplanted nude mice was used as conincubated for 45 min with secondary antibody [fluorestrol group (C+, n = 5). Nude mice were transplanted incein-conjugated goat affinity purified F(ab′)2 fragment trasplenically with 0.5 × 10 6 rat hepatocytes, and did not to mouse IgG, IgA, IgM; Cappel, France] diluted (1/ undergo any other treatment. They were sacrified at day 2000) in saturation buffer. Slides were washed (10 min) 22. Rat hepatocytes were also transplanted into two and then incubated 10 min with Hoechst 33342 (1/500 groups of recipients nude mice treated: 1) with a single dilution in sterile water from a 1 mg/ml stock solution). dose of Jo2 at 375 µg/kg body weight (Jo2S+, n = 6), After washing, slides were mounted in an antifading and 2) with a repeated dose of Jo2 at 250 µg/kg body aqueous mounting medium (ImmunoMount, Thermo weight (Jo2R+, n = 8).
Shandon, CML, France) and kept at −20°C until obser-To be as close as possible to a clinical situation, cell vation under an Olympus AX60 microscope. transplantation was performed 24 h after the first injec-Engraftment was evaluated by counting the number tion of Jo2. The recipient animals were sacrificed 21 of FITC-positive cells by microscope field, randomly days after hepatocyte transplantation. The experimental chosen. Mean engraftment was calculated on 15 fields design of the Jo2R+ group is shown in Figure 1 .
and expressed as number of rat hepatocytes per mm 2 of nude mouse liver parenchyma. Images were acquired Seric Parameters with analySYS software (Soft Imaging System, Ger-Blood samples were taken the day before and after many).
Jo2 injection, on anesthetized animals [by breathing 2
Statistics L/min O 2 containing 3% enflurane (Forene, Abott, France)] via the caudal vein. Serum samples were ob-Results are expressed as mean ± SEM. Differences among means were assessed using computer-aided tained by centrifugation of collected blood 10 min at 3000 × g. Catalytic activity of alanin aminotransferase ANOVA unpaired t-test (Statview 4.5 software, Abacus Concept, Berkeley, USA). Values of p < 0.05 were (ALT, U/L) was determined using an automated routine analyzer. considered significant. Genomic Analysis 3 (or more) "present" or "marginal" calls in at least one of the treatment groups were used in the subsequent sta-RNA Preparation. One part (left lobe) of mice liver tistical analyses. A total of 18,695 probe sets satisfied samples was frozen in liquid nitrogen immediately after the two filter criteria. The intensity data were then log2removal and was used for RNA preparation and DNA transformed with an offset of 1. microarray experiments. Total RNA from skin and lym-Principal Component Analysis. Principal component phoid tissue samples was extracted after homogenization analysis (PCA) (16) using the covariance matrix of the with a rotor stator homogenizer (Ultra Turrax) with TRIfiltered and log transformed data was used for visualizazol Reagent (Invitrogen) and purified using RNeasy tion and to check for potential outliers. Mini Kit (Qiagen) according to the manufacturers' instructions. Total RNA was quantified by absorbency at
Statistical Analysis. A one-way analysis of variance 260 nm (A260 nm), and purity was checked by the A260 (ANOVA) using group as independent variable was fit nm/A280 nm ratio (Gene Quant pro photometer, Amersto the filtered and transformed data of all samples. The ham). The RNA samples were stored at −80°C before transplanted Jo2S+ and Jo2R+ groups were compared to analysis.
the transplanted control group (C+) to better understand why the xenogenic engraftment rate was increased in DNA Microarray Experiments. DNA microarray ex-JO2R+ mice only. These comparisons were made using periments were conducted as recommended by the manlinear contrasts within the framework of the ANOVA ufacturer of the GeneChip system (Affymetrix) and as models (2) . The calculated fold changes are based upon described (Santa Clara, CA, http://www.affymetrix. geometric means. The PCA and ANOVA calculations com). Samples were hybridized to MOE430A GeneChip were performed with Partek Pro 6.2 (Partek Inc., St. arrays. The resultant image files (.dat files) were pro-Louis, MO, USA). The Affymetrix probe sets were ancessed using the Microarray Analysis Suite 5 (MAS5) notated using the Database for Annotation, Visualization software package from which numerical signal intensity and Integrated Discovery (DAVID) 2.0 (5). ESTs were (Signal) data and categorical expression level measurenot considered for biological interpretation. ments (Absolute Call) were obtained. All data were quality checked and were transferred to other software RESULTS packages for analysis. The mouse genome-specific Liver Injury and Survival Rate of Nude Mice After MOE430A GeneChip expression probe arrays contain a Single Injection of Jo2 (Jo2S Group) more than 45,000 probe sets interrogating more than 39,000 transcripts, including well-substantiated genes ALT levels increased 24 h after the 375 µg/kg Jo2 and also expressed sequence tag (EST) clusters. One injection (Jo2S group, Fig. 2A and B ). Routine histology GeneChip was used per animal.
performed at day 1 on liver obtained from sacrificed mice following a single administration of 375 µg/kg Statistical Data Analysis dose of Jo2 revealed severe pan-lobular and pan-acinar apoptosis or necrosis, as illustrated in Figure 5B . The Data Pretreatment. The MAS 5 processed raw expression intensities were subjected to a filtering. Only extent of damage varied between animals, ranging from 10% to 40% of apoptosis or necrosis. Death, occurring probe sets with a median intensity of larger than 50 and in three out of eight animals of the Jo2S− group, was This kinetic was reproducible during the whole experiment ( Fig. 4A and B ). The survival rate in the Jo2R− observed within the 24 h following Jo2 administration. After this period of time, ALT values returned to normal group was 4/6 animals (66%) from the third injection. It is noteworthy that again, death, when occurring, was and survival was not affected up to day 22, the end of the study (Jo2S− group, Fig. 2A ). At day 22, liver histol-observed within the 24 h following Jo2 administration. The survival rate in the Jo2R+ group was 6/8 animals ogy was normal, as illustrated in Figure 5C . As previously described (8), similar ALT and survival rate pro-(71%) from the first injection (Fig. 4B) , and was, at the end of the experiment, close to that of the Jo2R− group. files (four out of six) were observed in nude mice submitted to a single injection of 375 µg/kg of Jo2 and Routine histology performed at day 1 (Fig. 5E ) and at day 22 for both the Jo2R− group (Fig. 5F ) and the subsequently transplanted 24 h following the Jo2 treatment (Jo2S+ group, Fig. 2B ). Again, liver histology was Jo2R+ group (Fig. 5G ) revealed severe pan-lobular and pan-acinar necrosis. It is noteworthy that the extent of normal on day 22 (Jo2S+ group, Fig. 5D ).
damage on day 22 (i.e., 24 h after the last Jo2 injection) Liver Injury and Survival Rate of Nude Mice After was equivalent to that observed 24 h after the first Jo2 a Weekly Repeated Injection of Jo2 (Jo2R Group) injection. The extent of damage varied between animals, ranging from 10% to 40% of apoptosis or necrosis (data A preliminary study showed a survival rate of 33% (2/6 animals) for nude mice receiving a repeated 375 not shown). µg/kg dose of Jo2 weekly until day 21 ( Fig. 3 
). This low
Hepatocyte Engraftment survival rate prompted us to reduce the Jo2 dose to 250 µg/kg for the repeated administration (Jo2R group). As Three weeks after transplantation, engraftment rate was determined by immunodetection of the transplanted shown in Figure 4 , when Jo2 was administered weekly at a dose level of 250 µg/kg, ALT levels increased 24 h rat hepatocytes using an anti-rat MHC type I antibody ( Fig. 6 ). Interestingly, in the Jo2R+ group ( Fig. 6A ), after each Jo2 administration of 250 µg/kg (Jo2R− group and Jo2R+ group), the increases being mouse depen-transplanted hepatocytes were found as clusters (between 3 and 10 hepatocytes for each) while only few dent, and showing a return to baseline levels thereafter. clusters were observed in the Jo2S+ group and they con-DNA Microarray Analysis. Among the 45,000 probe sets present on the Mouse Genome 430 2.0 array, the sisted of less than 3 cells each (Fig. 6B ).The transplanted nude mice (Jo2R+ group) showed a mean of intensity of expression of 18,695, approximately 42%, resulted in a signal larger than 50 in at least three sam-40.8 rat hepatocytes implanted per mm 2 of liver parenchyma ( Fig. 7) , whereas when hepatocytes were trans-ples from at least one group. A one-way ANOVA applied on these filtered data sets followed by a contrast planted into nude mice submitted to a single 375 µg/kg body weight Jo2 (Jo2S+ group) only 5.7 cells per mm 2 analysis (Partek Inc., St. Louis, MO, USA) revealed significant changes particularly for Jo2R+ mice (Table 1) . of liver parenchyma were found, comparable to the 7.3 cells per mm 2 implanted in livers of nude mice without Because of the huge number of transcript changes in Jo2R+ samples, we focused on the highly significant liver failure (C+ group) (8).
(p < 0.01) and strong changes (FC > threefold) to iden-Genomic Analysis tify biologically relevant molecular pathways. In order to get insight into potential reasons for these huge differences in hepatocyte engraftment between C+/ Liver Transcript Profiles of Jo2S+ and Jo2R+, Respectively, Versus C+ Mice Liver. Only a small number Jo2S+ and Jo2R+ recipient livers, a genomic analysis of the livers of C+, Jo2S+, and Jo2R+ mice was performed.
of transcripts were significantly changed in their expression (p ≤ 0.01 and fold change ≥ threefold) in Jo2S+ mice compared with C+ ( Table 2) : six genes were Principal Component Analysis (PCA). All genomic data from the three groups were used for PCA mapping.
upregulated and 18 downregulated. Several transcripts that are key regulators of the circadian rhythm were The first two principal components explained 41% of the total variance. The Jo2R+ group was clearly separated strongly altered. Among them, transcripts encoding for D site albumin promoter binding protein (DBP), period from the Jo2S+ and C+ groups. The expression pattern of Jo2S+ was very close to that of C+ (Fig. 8 ). This indicates homolog 3 (Per3), and thyrotroph embryonic factor (Tef) were upregulated. In contrast, the transcript ex-that, contrary to the single treatment, the repeated Jo2 treatment induced a distinct expression pattern. No clearly pression of aryl hydrocarbon receptor nuclear translocatorlike (Arntl or Bmal1) was downregulated. A few inflam-outlying samples could be identified. Therefore, all samples were used for the ANOVA analysis. matory and stress-related transcripts were also downregu- lated (macrophage scavenger receptor, tubulin, ceruloplas-those from C+ was 39 (Table 3 ) and the number of downregulated transcripts was 66 (Table 4 ). In addition, some min, nexin, and heat shock protein 1B). There were also some downregulated genes belonging to apoptosis path-of them were strongly affected in their expression. Strongly upregulated transcripts in Jo2R+ mice livers ways such as Gadd45γ and Dnmt3. Besides the classical circadian genes cited above, members of plasminogen ac-revealed that specific pathways were clearly activated in Jo2R+ liver. One of the most strikingly upregulated tivator pathways close to nexin, some heat shock proteins, and Gadd45 isotypes have also been reported recently to transcript (35-fold) was the cyclin-dependent kinase inhibitor 1 A (Cdkn1 or p21). p21 binds and inactivates be regulated by the circadian rhythm (23) .
In contrast, a much larger number of transcripts was G 1 /S-Cdk and S-Cdk complexes, arresting the cell in the G 1 check-point. Other transcript increases involved in significantly changed in their expression in Jo2R+ mice compared with C+ ( Table 2 ). The number of transcripts cell cycle and proliferation included minichromosome maintenance deficient 6 (Mmd6), Zbp1 (Z-DNA binding upregulated in samples from Jo2R+ mice compared to protein1), Kruppel-like factor 6 (Klf6), and member of ETS oncogene family (Elk4, downregulated). Several transcript increases often involved in activa- INF-γ was altered increased, expression of a group of Avg: average of expression signals in transplanted control mice; FC: factor of changes (comparisons of average values in Jo2S+ and C+ groups).
transcripts clearly indicated the activation of the INF-γ
There was also a number of strongly downregulated transcripts in Jo2R+ mice liver. They all belong to cellu-pathway. These transcripts include signal transducer and activator of transcription 1 (Stat1, the key INF-γ-induc-lar stress pathways (heat shock protein Hspa1b, Hsp110), liver metabolic processes (glutaminase 2, esterase 22), ing transcription factor), GTPase very large interferon inducible 1 (Gvin1), IFN-γ-induced GTPase (Igtp), and detoxifying enzymes (cytochrome P450), and a few inflammatory proteins such as hepcidin antimicrobial chemokine (C-X-C motif) ligand 9. The latter is also named interferon inducible protein 9 (IP-9). peptide 2 (hepcidin 2). Expression of most of the key transcripts involved in circadian rhythms was altered. In-A small number of transcript alterations indicate minor extracellular matrix remodeling such as matrix met-terestingly, most of these transcripts were strongly downregulated in Jo2R+ mice liver while, except for Bmal1, alloproteinases MMP-12 and MMP-13, secretory leukoprotease inhibitor (slpi), and serine (or cysteine) proteinase they were upregulated in Jo2S+ mice liver (Fig. 9) . It is to be noted that all animals were sacrificed be-inhibitor, clade A, member 3G (Serpina3g). Strong increases were found in the transcript expression of sev-tween 1000 and 1200 h in a randomized way to avoid potential chronobiological effect on the transcriptome. eral components of lymphocyte antigen 6 complexes (Ly6 locus A, D, and E). The complex Ly6A-E (Sca-1) DISCUSSION is first identified in hematopoietic progenitors, lymphocytes B, and NK(T) and has been recently recognized as As previously found by us (8) and others (10,17,19) , a specific marker of endothelial cells (20). a single administration of anti-Fas antibody Jo2 induced fulminant hepatic failure in mice, characterized by an more biological nor histological signs of liver injury, as previously reported (8), confirming that liver injury was elevation of serological ALT for the first 3 days, and histological observations of liver necrosis. The findings reversible. Also as previously reported by us (8), rat hepatocyte transplantation to mice with severe acute he-of hepatic injury were equivalent in mice transplanted with rat hepatocytes, as assessed by both biological and patic injury after a single Jo2 administration did not show any improvement of engraftment rate when com-histological determinations. At day 22, there were no pared to untreated mice (i.e., about 5-7 hepatocytes per file (Gadd45γ and Dnmt3). A few transcript alterations suggest an antiapoptotic response (circadian transcript mm 2 in both groups). In line with the clinical, biological, and histological findings, the transcriptome profile indi-upregulation and Gadd45g downregulation) together with minor anti-inflammatory, and antistress response, cated that single Jo2 administration does not show important modifications 3 weeks after injection. The ma-which could be late response to Jo2-induced apoptosis. This signature might indicate the host compensatory re-jority of upregulated transcripts belong to the circadian rhythm pathways. The downregulated transcript signa-sponses against the apoptotic effects of a single Jo2 administration. ture indicated mainly a mild blockage in inflammatory pathways (macrophage scavenger receptor, tubulin, ce-Repeated administration of Jo2 maintained liver deficiency in nude mice. Indeed, we observed that the ef-ruloplasmin, nexin), stress-related pathways (heat shock protein 1B) together with an antiapoptotic transcript pro-fects of each weekly Jo2 challenge were equivalent: after each 250 µg/kg body weight dose of Jo2, liver injury could be proven by the increases in serum ALT levels following within 24 h. Also, when occurring, death was observed within the 24 h following a given Jo2 injection. Routine histology showed pan-lobular necrosis at day 22 (i.e., 24 h after the last Jo2 administration), identical to the necrosis seen 24 h after the first Jo2 administration, meaning liver remained sensitive to anti-Fas antibody. Some authors described a decline of Jo2 effect when administrated repeatedly at the same dose to animals, corrected with progressive increase of Jo2 doses (6). By opposition, in the present study nude mice did not develop any resistance to Fas antibody, even in the absence of immunosuppressive treatment.
It is important to note that, contrary to alkaloid treatments (8,11), Jo2 treatment did not impede liver regen- most importance because for this reason the present the changes in Jo2R+ livers were associated with an elevated level of p21, involved in the blockade of cell cycle model can mimic clinical situations where spontaneous regeneration is hoped. and cell proliferation. In Jo2R+ liver samples, several transcript changes The most important finding of the present study is that the engraftment of xenogeneic rat hepatocytes, suggested the activation of the INF-γ pathway. IFN-γ is one of the important mediators in inflammatory liver when transplanted to nude mice presenting an acute liver failure induced by a single sublethal injection of this damage. It has been reported that INF-γ upregulates caspases, Fas/FasL, and p21. The INF-γ downstream signal-anti-Fas antibody, could be improved when mice were further submitted to a weekly repeated Jo2 apoptosis-ization factor, STAT-1, regulated the cell cycle by modulating the expression of the cyclin-dependent kinase inducing treatment. Indeed, we found that in the latter case, engraftment was about sevenfold increased (i.e., inhibitors p27 and p21 and was therefore considered as a tumor suppressor (30) . The activation of INF-γ/STAT1 about 41 hepatocytes per mm 2 ).
In the Jo2R+ group, there seemed to be attempts of pathway also suggested the growth arrest of mouse hepatocytes following weekly Jo2 administration. Litera-liver repopulation, because engrafted rat cells often presented arrangement into clusters, whereas the few en-ture data showed that the hepatocyte response to IFN-γ was modulated by external survival factors and that this grafted hepatocytes after a single Jo2 administration remained isolated. Liver repopulation by hepatocytes is survival signaling required p21. The loss of p21 not only sensitized the hepatocyte to IFN-γ-mediated injury but known to present a cluster organization (12). In fact, this architecture could correspond to cell division occurring was required for survival factor-mediated cytoprotection (22) . The inhibitory effect of IFN-γ on cell proliferation from the first engrafted hepatocyte, thanks to regeneration signals after apoptosis induction. The Jo2R+ group was also diminished in STAT1 (−/−), and p21 (cip1−/ −) hepatocytes. Moreover, in HCV-infected livers with could correspond to a model of selective advantage between rat hepatocytes that are naturally Fas resistant and cirrhosis, activation of STAT1 was detected and correlated positively with liver injury, elevated serum levels nude mouse hepatocytes whose turnover is modified by repeated anti-Fas agonist antibody Jo2.
of AST, but negatively with hepatocyte proliferation (29) .Interestingly, it has been shown that the activation In contrast to the Jo2S+ samples, Jo2R+ mice samples exhibited major gene expression modifications of IFN-γ/STAT1 was also regulated by the circadian clock, particularly in NK/NKT cells in liver (1) . when compared to C+ samples. The genomic analyses are in line with the clinical and biological findings that
In summary, the transcript profile in Jo2R+ samples showed alterations in hepatocyte pathways that could Jo2 treatment is still active after four injections. The altered pathways suggested a blockade of cell cycle and explain improved rat hepatocyte engraftment. The transcriptome profile from Jo2R+ mice includes upregula-proliferation (upregulation of cell cycle regulation and downregulation of circadian transcripts), activation of tion of cellular cycle blocking transcripts, activation of liver injury inducing IFN-γ /STAT1 pathway, circadian IFN-γ pathways, activation of antigen-presenting cells that probably reflects the activation of immune system transcript signature of antiproliferative cell status, and minor inflammatory responses. All of these modifica-secondary to hepatocyte necrosis and liver injury, and inhibition of metabolic pathway, confirming liver injury.
tions indicate an important cell cycle blockade, following the last Jo2 injection. This overall transcriptome pro-Interestingly, most of the circadian rhythm transcripts were inversely altered in livers of Jo2R+ mice compared file might correspond to a selective advantage model where cell cycle blockade occurs in mouse hepatocytes to livers from Jo2S+ mice ( Fig. 9 ). It is known that cell division in many peripheral tissues occurs at specific submitted to weekly Jo2 treatment, while natural Jo2 resistance of rat hepatocytes allows them to proliferate. times of the day. Recently, it has been shown that the circadian clock controls the timing of the regenerating Surprisingly, we did not observe an upregulation of hepatocyte growth factors that could have created a mice livers (21), the expression of cell cycle-related genes being under control of a circadian clock that in-hepatic microenvironment favorable to survival and/or proliferation of healthy hepatocytes due to liver regener-duces the key regulators of mitosis directly and unidirectionally in proliferating cells. Indeed, after partial hepa-ation signals. Because clinical, biological and histological findings clearly show that liver regeneration occurs tectomy, livers from mice lacking a key regulator of circadian rhythm regenerated more slowly than livers following Jo2 administration, the absence of growth factor expression variation could be linked with the timing from wild-type mice. The strong downregulation of circadian rhythm key regulators per3, their regulator Nr1d2 of our experiment: genomic analysis being performed at 24 h after the last Jo2 injection, but hepatic growth fac-(rev-erbβ), and their immediate downstream targets (Dbp, and Tef) would indicate a nonproliferative status tors are known to be one of the earliest genes to be upregulated in response to liver injury (24), and this reg-of cells in mice liver.
In addition, and also in contrast to the Jo2S+ livers, ulation might end at day 1 after acute liver injury. (18). This upregulation of p21 corresponds to hepatocyte
